Glioblastoma multiforme (GBM), the most common and lethal brain cancer, prognosis remains bleak with a median survival of about 15 months despite maximal surgical resection, radiotherapy, and temozolomide treatment. The difficulty associated with safely and effectively delivering therapeutics across the blood brain barrier (BBB) is a major challenge towards GBM treatment. Ongoing research and clinical trials, including attempts to deliver therapeutics within stem cells present possible solutions. The relationships between brain cancer pathology, stem cell properties, therapeutic advantages and disadvantages of various stem cell types, drug delivery methods, cancer stem cells, gene therapy, anti-cancer vaccines, chimeric antigen receptor therapies, and combination therapies are discussed.
Introduction
Several strategies using stem cells have been tested for treating brain tumors. These include clinical trials, animal studies, and in vitro models. There are more than one hundred and twenty types of brain tumors including astrocytomas, brain stem gliomas, craniopharyngiomas, ependymomas, germ cell tumors, glioblastomas, gliomas, medulloblastomas, meningiomas, metastatic brain tumors, mixed gliomas, oligodendrogliomas, schwannomas, pinel tumors, and many others. Glioblastoma Multiforme (GBM) also called "astrocytoma, grade IV" and "glioblastoma" is the most lethal and common brain cancer [1] .
Despite maximal surgical resection, radiotherapy, and temozolomide treatment median survival remains at only 14.6 months for GBM patients [2] . A major problem in the treatment of GBM is getting therapeutics across the blood brain barrier (BBB) efficiently. The delivery of therapeutics across the BBB with stem cells is a possible solution that has been tested by experimental and clinical trials. Given the paucity of effective treatments for GBM and the ability of stem cells to deliver therapeutics past the BBB and to the tumor bed, one can argue that it is worthwhile to discuss the therapeutic advantages and disadvantages of each type of stem cell as well as their experimental and clinical applications.
GBM is a heterogeneous group of diseases histologically classified as grade IV glioma by the World Health Organization (WHO) [2, 3] . On an annual basis, there are roughly 10,000 new cases of GBM in the United States and 238,000 new cases of GBM worldwide [1, 4] . GBM accounts for 15%-20% of all intracranial tumors and 50% of all brain malignancies [1, 5, 6] . The prognosis for patients with brain cancer and GBM is poor, requires life-long physician monitoring, and can be improved by novel treatment options based on the latest data.
Glioblastoma Multiforme Pathology
Glioblastoma Multiforme and other brain tumors have distinct pathologies that require unique treatments. GBM has been classified as primary or secondary. Primary GBM is more prevalent than secondary GBM (∼90% of patients), typically occurs de novo in older patients, and is associated with genetic modifications such as EGFR over expression, PTEN (MMAC1) mutations, CDKN2A (p16) deletions, and MDM2 amplification [3, 7] . In contrast, secondary GBM typically progresses from low-grade or anaplastic astrocytomas, affects younger patients, and often contains TP53 mutations [3, 7] . Primary and secondary GBM are indistinguishable histologically; although primary GBM typically occurs in older patients and is more prevalent than secondary GBM (∼90% of patients) [3, 7] .
Sources of Stem Cells -Advantages, Disadvantages, and other Considerations
A brief synopsis of advantages and disadvantages of ESCs, MSCs, and iPSCs is summarized in Table 1 . Stem cell therapy has been under consideration as a novel biological treatment option for incurable neurodegenerative diseases such Parkinson's disease (PD), Alzheimer's disease (AD), multiple sclerosis (MS), Huntington's Disease (HD), amyotrophic lateral sclerosis (ALS) and devastating neural injuries such as traumatic brain injury (TBI) and spinal cord injury (SCI) [8] [9] [10] [11] . Embryonic stem cells (ESCs), fetal stem cells (FSCs), umbilical cord blood stem cells (UCBSCs), mesenchymal stem cells (MSCs), adipose derived stem cells (ADSCs), and adult stem cells (ASCs) can differentiate into neuronal cells in vitro and have the potential to be applied for the treatment of neurological disorders including the treatment of brain tumors such as glioblastoma multiforme [11] [12] [13] [14] [15] [16] .
An experimental study demonstrated that the patients' own fibroblasts can be converted into induced neuronal (iN) cells capable of expressing multiple neuron-specific proteins, generating action potentials, and forming functional synapses through the combinatorial expression of three neural lineage-specific transcription factors, Ascl1, Brn2, and Myt1l [17] . The direct formation of fibroblasts to neurons has now been termed direct reprogramming. Subsequent studies using a rat Parkinson's Disease model showed that human fibroblasts reprogrammed with the transcriptional factors Mash1, Ngn2, Sox2, Nurr1, and Pitx3 can change human fibroblasts into DA neuron-like cells [18] . The DA neurons, which provided relief for PD symptoms, stained positive for various markers of DA neuron-like cells, exhibited DA uptake and DA production, and were electrophysiologically functional [18] . Embryonic Stem Cells (ESCs) are derived from the inner cell mass of mammalian blastocysts, can grow indefinitely while maintaining pluripotency and the ability to differentiate into cells of all three germ layers [19] . Among the different types of cells that may be used in therapy, ESCs theoretically have an advantage because they can differentiate into all types of neural tissues [19] .
Likewise, induced pluripotent stem cells (iPSCs), which are created through genetic manipulation, have the potential to form all types of cells including those within the neuronal and glial lineages [19] . At the moment, iPSCs can be created from a variety of somatic cell tissue sources including skin fibroblasts, blood, and hair follicles but with different efficiencies [20, 21] . Several studies have noted advancements in cell culture protocols to improve cell differentiation, cell sorting, and removal of potentially mutagenic reprogramming vectors [20] [21] [22] [23] [24] .
While the main disadvantage of using iPSCs is their spontaneous transformation, their advantages lie in the ability to mimic the patient's genotype, avoid immune rejection, and forego the ethical quandaries associated with using human ESCs [25] . The iPSCs have been considered as a possible treatment option for PD, ALS, MS, and AD [25] . Various combinations of genetic manipulations have been used to generate iPSCs with the ability to differentiate into various neural lineages. A recent study showed that DOX-inducible lentiviral vectors could be excised with Cre-recombinase to generate human induced pluripotent stem cells (hi PSCs) that lack potentially tumorigenic reprogramming vectors such as c-Myc [26] .
Although neural stem cells (NSCs) can be generated from multiple sources such as differentiated ESCs, iPSCs, fetal tissues, and cadavers, these sources may not be able to produce adequate numbers NSCs for widespread clinical implementation. MSC therapy presents an alternative to the use of NSCs. MSCs are heterogeneous multipotent cells that can form all germ layers and which have been characterized based on several criteria previously established in literature [27, 28] . MSCs have been extracted from several adult human tissues including the connective tissues of all human organs, the bone marrow (BM), skeletal muscle, synovium, dental pulp, and adipose tissues [29] [30] [31] [32] [33] . MSCs can also be harvested from fetal tissues such as umbilical cord blood, placenta, amniotic membranes, and amniotic fluid [31, [33] [34] [35] [36] [37] [38] [39] .
In the BM, MSCs contacting the abluminal region of the central sinus can function as "gatekeepers" that regulate BM homeostasis and function [40, 41] . In addition to the regenerative differentiation capacity of MSCs, the protective function of these cells underscores many other non-progenitor functions such as immunoenhancement, immunomodulation, and the maintenance of homeostasis as well as the maintenance of a unique niche microenvironment through the secretion of soluble factors [28, 42] .
Discussions about the advantages and disadvantages of MSCs from various sources have been given considerable attention in the literature. For example, several studies have claimed that MSCs derived from human adipose tissue (hAMSCs) have similar glioma tropism to MSCs derived from the bone marrow (hBMSCs), however, hAMSCs can be harvested in larger numbers while minimizing patient morbidity during cell harvesting [43] . Another interesting study provided experimental evidence from a coculture assay with primary GBM cells showing that umbilical cord blood-derived MSCs (UCB-MSCs) inhibited GBM growth while adipose-tissue-derived MSCs (AT-MSCs) promoted GBM growth [33] . The immunosuppressive properties of MSCs can also be disadvantageous when juxtaposed with evidence showing increased breast cancer cell (BCC) growth when cocultured with MSCs.
FSCs can be isolated from cord blood or extraembryonic tissues have unique therapeutic advantages and disadvantages and have also been referred to as intermediaries between ESCs and ASCs [44] . Experimental studies show that transplanted human fetal neural stem cells have the ability to survive, differentiate, and migrate towards middle cerebral artery occlusion induced lesions in the ischemic rat cerebral cortex [45] . Similar studies have shown that human umbilical cord blood neural stem cells can also migrate to sites of damage and survive within the central nervous system (CNS) environment of the rat model [46] . When grafted into the developing brain, fetus-derived stem cells also have the ability to migrate to sites of injury and to differentiate into host cells specific to the target region [47] . The potential of fetal neural stem cell therapy should be weighed against limitations in cell expansion and the clinical hurdle of tumorigenicity [48, 49] . A brief synopsis of advantages and disadvantages of FSCs for the treatment of neurodegenerative disease is included in Table 2 . The disadvantages associated with iPSCs, MSCs, FSCs, and ESCs have led to the consideration of alternatives such as ASCs. With regard to brain repair, unlike ESCs, ASCs offer the potential for transplantation without ethical dilemmas. Neurodegenerative disease may be treated with a variety of ASCs including NSCs, MSCs, HSCs, and stem cells from umbilical cord blood (UCB) [50] [51] [52] [53] . Experimental evidence indicates that the mentioned stem cells can differentiate into neurons and glia [54] [55] [56] . However, there are distinct advantages of some ASC sources over others.
Adult neural stem cells are multipotent cells found within the subventricular zone (SVZ) of the olfactory bulb and the hippocampal dentate gyrus of the adult brain that can differentiate into neurons, glia, astroglia, and oligodendrocytes [57] [58] [59] [60] [61] . The advantages of adult neural stem cells are in the lack of ethical concerns associated with their use, their ability to be cultured, their potential for autologous transplantation, and their predetermined tendency to differentiate into cells of the neural lineage [62] [63] [64] [65] . The disadvantages associated with adult neural stem cells are in the limited number of available cells, difficulty in expansion, cell senescence after several passages, paucity of clinical trial data, and their tendency to form tumors [62, 66] . These advantages and disadvantages should be considered within the framework of the relationships between adult NSCs and their niche, their cell compartment, and niche factors influencing their behavior [66, 67] . A brief synopsis of advantages and disadvantages of ASCs for the treatment of neurodegenerative diseases is included in Table 3 . It is also prudent to keep in mind that a damaged neuron in need of repair or replacement is part of a functionally and morphologically complex network with tens of thousands of connections with other neurons; hence, replacing a neuron with a functional equivalent is insufficient unless this replacement is followed by integration into the appropriate functional circuit to recover previously compromised physical or mental activities [68] . In addition to cell replacement, stem cell therapies also offer potential benefits by mediating remyelination, exerting trophic actions, and modulating inflammation [69] . The therapeutic potential of adult NSCs for indications such as PD, ALS, AD, stroke, spinal cord injury, and other conditions needs to be studied in more detail with animal models and clinical trials [58, [69] [70] [71] .
Blood Brain Barrier -Therapeutic Delivery
The skull, meninges membranes, cerebrospinal fluid, and the blood brain barrier (BBB) restrict access to the human brain. The BBB is a specialized non-permeable barrier with multiple components and unique efflux machinery that greatly complicates the treatment of brain tumors such as GBM. The BBB consists of endothelial cells united by tight junctions, astrocytic endfeet surrounding blood vessels, pericytes embedded in the vessel basement membranes, microglia, and neurons [72] [73] [74] . A graphic representation of the blood brain barrier is shown below (Figure 1 ):
The cellular junctions within the BBB are tight enough to enable strict selectivity in what crosses into the brain. For example, large hydrophilic molecules with a molecular mass of greater than 400-500 Da and more than 8-10 hydrogen bonds that are substrates for active efflux transporters at the BBB such as p-glycoprotein 1 cannot cross the BBB [74] [75] [76] [77] . The vast majority of small molecule CNS drug candidates and essentially all large molecule CNS drug candidates including biotechnology products, recombinant proteins, monoclonal antibodies, RNA interference (RNAi) drugs, and gene therapy products do not cross the BBB [76] . Although numerous factors including molecular surface activity can influence BBB permeability to therapeutics, molecules that can penetrate the BBB generally do so through passive diffusion, carrier mediated transport, or receptor mediated transport [74, 78, 79] . BBB penetration by lipophilic Chlorpromazine Hydrochloride through adsorption to BBB endothelial cell capillaries serves as an example of transport by passive diffusion [79] . Movement of L-dihydroxy-phenylalanine (L-DOPA) through the BBB with the aid of the sodium-independent neutral amino acid transporter (LAT-1) is an example of carrier-mediated transport. Delivery of recombinant iduronate 2-sulfatase enzyme (IDS) through the BBB by IDS fusion to an IgG domain monoclonal antibody targeting the human insulin receptor is an example of receptor-mediated transport [80] . The brain's impermeability to most therapeutics is problematic even for diseases that do not affect the brain. Metastatic tumors from tissues other than the brain can be found in the brain. Since most anticancer treatments cannot pass through the brain, the problem of treating secondary brain tumors originating from tissues other than the brain remains unresolved.
MSCs are immunosuppressive and can home to primary and metastatic tumors including breast, colon, ovarian, lung carcinomas, and gliomas [74, 81] . Some MSC therapies showed the potential to specifically target cancer stem cells (CSCs) and glioma cancer stem cells (gCSCs) that are critical to bulk tumor growth and recurrence [82, 83] . Human AT-MSCs have the ability to engraft into glioblastoma and target the vascular niche where gCSCs reside [84, 85] . Marrow-isolated adult multilineage inducible (MIAMI) are a subpopulation of mesenchymal stromal cells (MSCs) that have been used as therapeutic delivery vectors due to their ability to migrate to brain tumors and efficiently incorporate lipid nanocapsules (LNCs) without changing their stem cell properties or tumor-tropism [86] . Combination therapies including a recent study with mesenchymal stem cells secreting necrosis factor-related apoptosis-inducing ligand (TRAIL) and temozolomide (TMZ) demonstrated higher antitumor effects using an in vitro coculture system and an in vivo experimental xenografted mouse model than TMZ or MSCs secreting TRAIL alone suggesting an augmentation of caspase-mediated tumor apoptosis through death receptor 5 (DR5) upregulation and downregulation of antiapoptotic proteins [87] .
NSCs have also been used as therapeutic delivery vectors for the treatment of brain tumors due to their patented ability to locally target diffuse metastatic brain tumors [88] . In particular, human fetal stem cells loaded with oncolytic viruses (OVs) have demonstrated improved survival in mouse animal models when compared with controls involving OVs without fetal stem cells [89] . Fetal stem cells loaded with mesoporous silica nanoparticles (MSNs) also remained viable longer than fetal stem cells without MSNs once implanted into the mouse [90] . One can argue that these trial results warrant further phase I studies. An overview of the mentioned studies is included in (Table 4) . Significant challenges associated with the treatment of gliomas, and especially glioblastomas, make these cancers the basis to test whether stem cells can be effective in brain tumor treatment.
There are also several strategies by which glioma and glioblastoma therapeutics can be delivered past the BBB (Table 5 ). The BBB may be bypassed with intracerebral, intrathecal, intracranial, or intraventricular drug administration during surgery [74, 91] . One advantage of surgery would be very specific dosing by placing therapeutics near or within tumors [92] [93] [94] . Although surgical resection with chemotherapy is the standard treatment for high grade glioma, the disadvantage of invasive surgical delivery are surgical complications and the disruption of the BBB that can cause unwanted side effects linked to chronic neuropathologic changes [94, 95] . Other methods of therapeutic delivery through the BBB such as the loosening of endothelial cell tight junctions with ultrasound offer the advantage of less invasiveness than surgery by reversibly opening the BBB but carry the disadvantage of translational difficulty to fit the thickness and variability of the human skull and reduced control over dosage [96] . Chemical modifications to drugs including lipidation, glycosylation, carrier linkage, liposome loading, and other modifications present the advantage of The table shows specific methods to deliver cells or drugs to the brain for the treatment of glioma and glioblastoma multiforme improving drug permeability through the BBB but also have the drawback of creating the possibility of accumulation of drug metabolites within the brain that can lead to toxicity [97] . Gliomas in the form of grade IV astrocytomas or GBM that originates as a primary tumor from the glial tissue within the brain is difficult to treat because it is separated from the rest of the human body by the BBB from the onset of tumor formation through tumor progression. When considering the limitations of surgery and chemotherapy for the treatment of highly aggressive tumors such as GBM, stem cells have the potential to offer benefits such as tumor targeting, tumor engraftment, participation in tumor stroma formation, ability to bind to radiotherapy resistant glioblastoma stem-like cells (GSCs), delivery of therapeutic ligands such as TNF-related apoptosis-inducing ligand (TRAIL), immunomodulation, and immunoenhancement.
Open-label trials have shown that transplants of fetal/embryonic midbrain tissue have exhibited some beneficial clinical effects while the alternative of neural grafting with fully differentiated adult neural cells has not become a standard treatment for several reasons including a limited supply of donor cells, unpredictable treatment benefits, and graft-related side effects [19] . Different kinds of embryonic stem cells possess unique advantages and disadvantages for the treatment of neural disorders.
In addition to providing basic NSC replacement through differentiation into NSCs, the aforementioned stem cell populations such as ADSCs and MSCs can also provide neurotrophic support leading to the mobilization of endogenous stem cells within the brain or to the therapeutic alteration of the brain microenvironment. Prior studies have also analysed ESC, HSC, and NSC properties at the transcriptional level to draw connections between "stemness" genes; these studies may lay the groundwork for the creation of genetically novel stem cell lines with unique therapeutic properties [98] . Novel genetic labelling methodologies can also shed light on native cell differentiation mechanisms [99] .
Viral Gene Therapy
Treatment strategies for GBM using viruses have included the use of replication deficient viruses and replication competent oncolytic viruses (OV) [100, 101] . Replication deficient viruses can counteract GBM through the local activation of chemotherapeutic prodrugs, transfer of activated prodrugs through gap junctions via the "bystander effect", and by activating the immune system [102] . Replication competent oncolytic viruses can counteract GBM by directly infecting tumor cells, replicating in tumor cells, and destroying tumor cells as well as by mediating the death of uninfected cells by blocking tumor blood supply and by activating virally encoded therapeutic transgenes [102, 103] . Although cancers have mechanisms for immunosuppression and immune detection evasion, vaccination offers the intriguing possibility of creating a sustained adaptive immune response against cancer as demonstrated by improvements in patient overall survival during the IMPACT trial that served as the basis for the approval of Sipuleucel-T by the FDA. Completed clinical trials data for the treatment of GBM with gene therapy and vaccination as adjuvants to surgical resection, chemotherapy, and radiotherapy are summarized in (Table 6 ).
The HSV-TK/GCV system has been widely used in phase I/II clinical trials to target rapidly dividing cancer cells. The Herpes Simplex Virus (HSV) is a cytotoxic oncolytic virus that can induce immune responses [104] . Thymidine kinase is a phosphotransferase enzyme responsible for the synthesis of DNA and cell division. GCV is a nucleoside analog that can be enzymatically phosphorylated by the herpes simplex virus thymidine kinase (HSV-TK) system to ganciclovir triphosphate. Suicide genes are enzymes that can convert prodrugs into therapeutics. Expression of the suicide gene encoding a viral enzyme, HSV-TK, results in the phosphorylation of the non-toxic prodrug, ganciclovir. The active, phosphorylated ganciclovir triphosphate is subsequently incorporated into the genome of rapidly dividing TK+ GBM tumor cells in vivo thereby leading to the selective elimination of malignant target cells [105, 106] . A recent phase I/II trial used the HSV Type 1-Interleukin 2 (IL-2) gene therapy or HSV-TK/ IL-2 gene therapy and the drug Ganciclovir (GCV) to treat patients with recurring GBM [107] . This was the first clinical protocol for recurrent GBM combining the suicide gene (HSV-TK) delivery with a cytokine gene (IL-2). In this study, retroviral vector and vector producing cells (RVPCs) were derived from a single clone of the PA317 packaging cell line and expressed two therapeutic genes, human IL-2 and HSV-TK transcribed from the 5' viral long terminal repeat and separated by an internal ribosome entry site (IRES) of encephalomyocarditis virus sequence and the antibiotic resistance gene neomycin phosphotransferase transcribed from an internal simian virus 40 (SV40) early promoter [107] .
The outcomes of the this study among 12 patients showed that RPVC injection carrying the suicide gene HSV-TK and the cytokine gene IL-2 is safe up to 1*10 9 RVPCs, provides effective transduction of therapeutic genes to the target tumor cells, activates a cytokine response with a tumor response in 50% of the cases, and partial response in 16.7% of the cases including one patient with a disappearance of a distant noninjected tumor mass [107] . The safety of this treatment is notable considering that IL-2/HSV-TK delivery by intratumoral injection of xenographic RVPC elicited local inflammation in the CNS and that adverse events were mild and mainly associated with GCV administration [102] . Neurological adverse events were related to disease progression [102] . Unfortunately, two patients died from pulmonary embolisms at 2 and 11 months after first injection of gene therapy [102] . These patients had a marked increase of plasma cytokine levels after gene therapy, which is also associated with long-term tumor size reduction and clinical response in one of the patients [102] . While high-grade glioma patients are at increased risk for deep vein thrombosis (DVT) and pulmonary embolism (PE), the activation of the cytokine cascade after gene therapy which was associated with long-term tumor size reduction in one patient, may have also contributed to thromboembolic events [107] [108] [109] .
In addition to the HSV-TK system utilizing retroviral PA317 cells, some of the other viral treatment modalities for gliomas and glioblastomas included the HSV-TK system with an adenoviral vector (Adv-HSV-TK), Newcastle Disease Virus (NDV), recombinant HSVs such as HSV1716 with deletions of the RL1 gene, and Herpes Simplex Virus G207 (HSV G 207) with deletions of the RL1 gene as well as ICP6 gene inactivation. Deletions of the RL1 gene were performed in order to make the recombinant HSVs such as HSV1716 non-neurovirulent [110] . Recombinant HSV G 207 featured deletions of the RL1 gene that prevented HSV from infecting non-dividing neural cells and also ICP6 gene inactivation as an extra safety measure to protect non-dividing healthy neural brain cells from unwanted HSV infection; the ICP6 gene encodes HSV ribonucleotide reductase, a key enzyme for viral DNA synthesis in non-dividing cells but not in dividing cells [111] . Another phase I/II trial for the treatment of recurrent GBM using the tumor selective HUJ (Hebrew University Jerusalem) strain of the oncolytic NDV attempted to assess the safety and tumor response of an accelerated dose escalation intrapatient intravenous infusion protocol with molecular imaging. Trial results among 11 patients with recurrent GBM indicated that i.v. dose escalation from 11-55 BIU (Billion Infectious Units) where (1 BIU= 1 *10 9 EID 50 50% egg infectious dose) of Hebrew University Jerusalem-New Castle Disease Virus (HUJ-NDV) was relatively well tolerated with five patients showing fever probably related to treatment [112] . Trial results also showed complete tumor response for one patient and featured overall survival ranging from 3 to 66 weeks [112] .
In a Phase III clinical trial for untreated GBM, Rainov et al treated 248 patients with surgical resection and radiotherapy, or surgical resection with radiotherapy, HSV-TK, and GCV at the time of surgery. Gene therapy treatment was safe but no difference for overall safety and disease progression was observed between the control and the gene therapy group [113] .
Another open label, randomized, parallel-group, multicenter phase III trial including 250 patients with supratentorial GBM amenable to resection compared gene therapy with sitimagene ceradenovec, a first generation replication-deficient adenovirus against the standard of care that included surgical resection, chemotherapy, and in some countries temozolomide administered at the discretion of the physician [114] . In the experimental group, 124 patients were given a one-time treatment consisting of between 30 to 70 perilesional injections of 100 micro liters of 1* 10 12 viral particles of sitimagene ceradenovec containing cDNA for Herpes Simplex Virus-thymidine kinase with a blunt needle for up to 2 cm into the tumor wall following complete tumor resection [114] . The experimental group experienced 5 patient exclusions from intention to treat analysis, 5 days were given for transduction and then 5 mg/kg of ganciclovir were administered intravenously twice a day from 5 days to 19 days after the operation [114] . In the standard of care group, 126 patients were treated with complete tumor resection followed by 30 fractions to tumor volume of 60 Gy radiotherapy with a 2 cm margin or with complete tumor resection with radiochemotherapy per the Stupp protocol depending on temozolomide availability [114, 115] . The standard of care group experienced 9 patient exclusions from intention to treat analyses with 117 patients achieving the composite primary endpoint of time to death or re-intervention, where re-intervention was defined as any kind of treatment including surgery, radiotherapy, or chemotherapy given to extend survival when the tumor recurred or progressed [114] . Analysis of the composite primary endpoint was performed with a covariate Cox proportional hazards model with terms for treatment, age, baseline Karnofsky score, extent of tumor resection, MGMT methylation status as a fixed covariate, and temozolomide use as a time-dependent covariate because each of these covariates had an important effect on trial outcomes [114] . A hazard ratio was calculated where a hazard ratio greater than one indicated a benefit for sitimagene ceradenovec. Statistical analysis showed that sitimagene ceradenovec improved median time to death or re-intervention regardless of temozolomide use (236 patients; HR 1*53, 95% CI 1*13-2* 07; p= 0* 0055). Sitimagene ceradenovec also demonstrated a statistically significant improvement on median time to time or re-intervention in the subgroup of patients who did not use temozolomide (n=102 patients, HR 1*58, 1*02-2*45; p=0 * 0398) [114] . Sitimagene ceradenovec had an even greater effect on the primary endpoint in non-methylated patients than it did in the whole cohort (HR 1*72, 95% CI 1*15-2*56, p=0*008) 114. Overall, the median time to death or re-intervention was longer in the group receiving sitimagene ceradenovec treatment compared to the standard of care group (268 days, 210-313; hazard ratio [HR] 1*53, 95% CI 1*13-2*07; p=0*006). However, there was no statistically significant difference (p=0*31) for the overall survival between the two groups (median 497 days, 95% CI369-574 for the experimental group vs 452 days, 95% CI 437-558 for the control group; HR 1*18, 95% CI 0*86-1*61) [114] . Although the most common adverse effects of sitimagene ceradenovec were hemiparesis, hyponatraemia, and seizures, the overall risk benefit ratio of the experimental treatment appears to be positive and indicates an advancement for the field of surgically applied and virally mediated local gene therapy [114] . However, the discrepancy between significant improvement in time to death or progression without a significant improvement in overall survival may indicate poor transduction or poor delivery, thereby providing impetus for the development of alternative delivery and transduction mechanisms.
Cancer Stem Cells (CSCs)
There is increasing evidence showing a small subpopulation of cells within solid and soluble malignant tumors known as CSCs that are responsible for the initiation and growth of malignancy [82, 83] . Recent studies have identified a subpopulation of brain tumor stem cells in adult GBMs known as CSCs that can self-renew, express genes associated with NSCs, generate daughter cells of different phenotypes from one mother cell, and differentiate into a phenotypically diverse population of cells present in the initial GBM [82, 83] . There is also evidence that CSCs do not necessarily need to arise from stem cells but can also come from lineage-restricted progenitor cells, for example, expression of the ras and myc oncogenes in lineage-restricted Oligodendrocyte-type-2 astrocyte (O-2A) progenitor cells yields cells that readily form tumors when transplanted in vivo [82, 116] .
Targeting Cancer Stem Cells
An understanding of CSCs and their relationship to the bulk tumor is important because cancer stem cells play a key role in tumor recurrence [83] . Cancer has the ability to evade or inactivate the immune response through a number of mechanisms including mutations in genes encoding target antigens, loss of antigen expression, or immunosuppressive actions such as the secretion of transforming growth factor-β (TGFβ), vascular endothelial growth factor (VEGF), galectin, or indolamine 2,3-dioxygenase (IDO) and/or through the recruitment of immunosuppressive immune cells [117, 119] . Clinical trials data for adjuvant cancer vaccines designed to illicit an immune response to tumor antigens, tumor-associated antigens, and prevent further growth of cancer refractory to conventional therapies such as surgeries, radiation therapy, and chemotherapy is summarized in (Table 6 ) [118] . The first generation of patient-isolated or ex-vivo generated monocyte-derived dendritic cell cancer vaccines was loaded with tumor lysates, recombinant tumor antigens, or synthetic peptides and proven to be safe in early clinical trials but also encountered some limitations such as limited tumor regression rate, lack of linear dose-response effects, and inability to fully accommodate immune target complexity [118] . To circumvent the mentioned and to create dendritic cells with maximal immunogenicity, currently produced dendritic cell vaccines are matured and activated in the presence of specific cytokines, pathogen-derived agonists, toll-like receptor ligands and exposed to modifications of specific genes such as Egr2 gene silencing [118] . Another important consideration for future studies may be the altered expression of several MicroRNAs (miRNAs) identified in gliomas. MiRNAs are endogenously expressed small noncoding RNAs that regulate genes, post-transcriptionally; it is possible that more insights on the relationship between miRNAs and the tumor microenvironment can lead to the development of better cancer treatments.
Stem Cells and Anti-Cancer Vaccines
Dendritic cells (DCs) are antigen presenting cells (APCs) found in the mammalian immune system assembled within the bone marrow in response to fms-like tyrosine kinase-3 ligand (Ftl3L) and granulocyte-macrophage colonystimulating factor (GM-CSF) [117] . DC precursors and immature DCs found in the human blood are lineage negative (CD3 − , CD14 − , CD19 − , CD56 − ) HLA-DR + mononuclear cells that can be categorized into plasmacytoid dendritic cells (PDCs) CD11c − , CD123 hi and myeloid dendritic cells (MDCs) CD11c + , CD123 lo [117] . PDCs are the principal interferon alpha producing cells in the human body and can activate antitumor and antiviral responses, however, their immunotherapeutic potential is largely unknown because they are difficult to obtain in large quantities [120, 121] .
DC-based cancer vaccines focus on active vaccination against tumorspecific antigens [117] . 
Combination Therapies
Active immunotherapies against cancer work by harnessing the cytotoxic T lymphocyte (CTL) response by several means that may overlap: changing the tumor microenvironment to stimulate immune cell function, creating large amounts of tumor-specific T cells for adoptive cell transfer (ACT), administering immune stimulating cytokines or immune modulating antibodies to induce nonspecific immune responses against tumors, and administering new cancer vaccines to induce immunity against specific tumor antigens.
Chimeric Antigen Receptor
Chimeric antigen receptor (CAR) T-cells were developed in an effort to give T-cells antigen specificity by fusing an antibody-derived targeting domain with T-cell signalling domains. In a seminal study, Eshhar et al fused a single chain of an Fv (scFv) antibody molecule to the γ chain of the Fc receptor or to the ζ of the CD3 complex [122] . These first generation CAR T-cells displayed several immunotherapeutic advantages including an MHC independent targetbinding mechanism, target-binding affinity much higher than T-cell receptors (TCRs), antibody type specificity, and IL-2 signalling leading to target cell lysis [122] . CAR T-cells may become an immunotherapy treatment option for patients with refractory brain tumors due to their ability to enter the brain, and target glioblastoma tumor receptors such as EGFR [123] .
Second and third generation CAR T-cells have been engineered to improve potency and targeting. Further understanding of co-stimulatory signals including CD80, CD86, CD28, 4-1BB, and OX40 has lead to the development of CAR T-cells with more target cytotoxicity and less T-cell anergy or T-cell apoptosis than their first generation counterparts [124] [125] [126] [127] .
HLA-independent recognition of target antigens and the delivery of a large population of tumor antigen-specific T-cells are some of the advantages of CAR T-cell therapy. On the other hand, there are also important disadvantages including "off-tumor/on-target toxicity" and cytokine-release syndrome.
Cytokine-release syndrome is driven by inflammation inducing cytokines including IFN-γ, TNF-α, IL-2, and IL-6 [128] [129] [130] [131] . Studies with an anti IL-6 monoclonal antibody, toclizumab, in glucocorticoid resistant GvHD showed the biological effects of IL-6 [132] . T-cell expansion and cytokine-release syndrome seem to be related as patients present with fever, myalgias, nausea, anorexia, and various complications [129] .
In a recent clinical trial, CAR T-cells with specificity for CD19 injected into two patients with chronic lymphocytic leukemia (CLL) lead to complete remission in both patients, T-cell expansion 1000 times higher than the initial treatment level, and the presence of CAR T-cells in the cerebrospinal fluid [131] . Unfortunately, this trial also reported grade 3 or 4 adverse events, cytokine-release syndrome, and B-cell aplasia [131] .
There are medical limitations that limit the use of CAR T-cell therapy. CAR T-cell therapy cannot be effective without the immunogenicity of the target cells and CSCs are attractive future target cell candidates. Although most data on CAR T-cell therapy is limited to haematological malignancies; CAR T-cell therapy does have the potential to translate to the treatment of solid brain tumors such as neuroblastoma [133] . The mechanisms behind CAR Tcell therapy adverse events must be addressed and this may lead to engineering of other cells including iNKT and NK cells.
Conclusions
The difficulty in treating GBM seems to be attributable to tumor location, tumor heterogeneity, and the actions of gCSCs in generating and regenerating tumor growth [134] . The BBB, which isolates GBM tumors from the rest of the body, complicates the delivery of therapeutics and reduces immune system access. Stem cells may be able to significantly improve therapeutic delivery due to their tumor-tropism and ability to cross the BBB.
GBM is able to evade the immune response. Research on BBB permeability may improve therapeutic targeting, timing, and transport. Various kinds of stem cells have been studied as potential vehicles for the delivery of suicide genes and drugs to the tumor bed. Although MSCs can be easily expanded and harvested, disadvantages associated with possible transformation need to be addressed [135] .
While gene therapy has been extensively studied for GBM, phase III trials have failed to demonstrate significant advantages. This may be attributable to poor drug delivery and inconsistent transduction [136] . Therapeutic modalities enhancing patient immune response such as vaccines targeting gCSCs and CAR T-cells may have great potential. CAR T-cells are briefly discussed due to comparative ease of delivery to the brain [123] . Favorable results for cytoxocity and increased survival in animal models from in vivo and in vitro studies present MSCs and NSCs as potential delivery vehicles for the treatment of GBM.
GBM needs to be approached from different angles given its heterogeneity, localization, and resistance to treatment. Stem cell research can be an important starting point given the limitations of current treatment.
